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SINGLE STAGE EXPERIMENTAL EVALUATION OF 
H I G H  MACH NUMBER COMPRESSOR ROTOR BLADING 

PART 3 - PERFORMANCE OF ROTOR 2E 

by 
J.P. Gostelow and K.W. Krabacher  

ABSTRACT 

A 1400 foo t  pe r  second t i p  speed  r o t o r  w i t h  a 0 .5  h u b - t i p  r a d i u s  r a t i o ,  
des igned  t o  d e l i v e r  a t o t a l  p r e s s u r e  r a t i o  of 1 .76  and a r o t o r  a d i a b a t i c  
e f f i c i e n c y  of 0.837 a t  a flow of 215.49 l b s l s e c ,  was t e s t e d  w i t h  an 
u n d i s t o r t e d  i n l e t .  
s t a l l  margin f o r  e n g i n e  o p e r a t i o n ,  a t o t a l - p r e s s u r e  r a t i o  o f  1 .711  and a n  
a d i a b a t i c  e f f i c i e n c y  of 0.869 were a c h i e v e d  a t  a f low of 225.9 I b s / s e c ,  
The peak a d i a b a t i c  e f f i c i e n c y  of 0.884 a t  d e s i g n  speed o c c u r r e d  c l o s e  t o  
t h e  s t a l l  l i n e .  

For  c o n d i t i o n s  a t  desi-gn speed, judged t o  have  a d e q u a t e  

SUMMARY 

A 14ClCl f o o t  p e r  second t i p  speed r o t o r ,  des igned  t o  have a d i f f u s i o n  f a c t o r  
of 0 .45  a t  t h e  t i p ,  w a s  t e s t e d  w i t h  an  u n d i s t o r t e d  i n l e t  flow. A new t y p e  
of b l a d e  shape has  been employed i n  which t h e  camber l ine  c o n s i s t s  of two 
c i r c u l a r  a rcs  t h a t  a r e  mutua l ly  t a n g e n t  a t  t h e  p o i n t  where they  j o i n .  The 
t i p  e lement  was des igned  t o  have a camber r a t i o  ( r a t i o  o f  s u p e r s o n i c  camber 
t o  t o t a l  camber) of 0 .35 ;  t h i s  v a l u e  i s  i n t e r m e d i a t e  between t h e  extreme 
c a s e s  o f  a d o u b l e - c i r c u l a r - a r c  b l a d e  s e c t i o n  and a b l a d e  s e c t i o n  hav ing  t h e  
minimum supe r son ic  camber which i s  c o n s i s t e n t  w i t h  f low choking  l i m i t a t i o n s .  
T h i s  t y p e  o f  t i p  shape  w a s  smoothly b lended  i n t o  a d o u b l e - c i r c u l a r - a r c  
shape a t  approx ima te ly  t h e  60% span l o c a t i o n .  The h u b - t i p  r a d i u s  r a t i o  a t  
i n l e t  i s  0.50. N e i t h e r  i n l e t  gu ide  vanes  nor  a s t a t o r  vane  row were 
employed . 
The r o t o r  was des igned  t o  d e l i v e r  a t o t a l - p r e s s u r e  r a t i o  of 1 .76  and a r o t o r  
a d i a b a t i c  e f f i c i e n c y  of 0 .837 a t  a f low of 215.49 l b s l s e c .  
on t h e  speed l i n e  judged t o  have a d e q u a t e  s t a l l  margin f o r  e n g i n e  
o p e r a t i o n  a t o t a l - p r e s s u r e  r a t i o  o f  1 . 7 1 1  and a n  a d i a b a t i c  e f f i c i e n c y  of 
0.869 were ach ieved  a t  a flow of 225.9 l b s l s e c .  The peak a d i a b a t i c  e f f i c i e n -  
cy of 0.884 a t  d e s i g n  speed o c c u r r e d  c l o s e  t o  t h e  s t a l l  l i n e .  

For  c o n d i t i o n s  

Blade  element  d a t a  were o b t a i n e d  from measurements ove r  a r ange  of speeds  
from 50% t o  110% d e s i g n  speed. R e s u l t s  of t h e s e  b l a d e  e lement  measurements 
were used t o  show t h e  v a r i a t i o n  of d e v i a t i o n  ang le ,  
l o s s  c o e f f i c i e n t  a s  a f u n c t i o n  of i n c i d e n c e  a n g l e .  The r o t o r  w a s  a l s o  
s t a l l e d  a t  t h e s e  speeds  and o v e r a l l  performance d a t a  were o b t a i n e d ,  w h i l e  
in s t a l l ,  up t o  100% speed. The s t a l l  t ype  was r o t a t i n g  s t a l l  a t  a l l  speeds .  

d i f f u s i o n  f a c t o r  and 
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INTRODUCTION 

I n  t h e  p r e v i o u s  r e p o r t  ( r e f .  1) t h e  f e a s i b i l i t y  of e f f i c i e n t l y  o p e r a t i n g  a 
c o n v e n t i o n a l l y  loaded  medium-aspec t - ra t io  r o t o r  a t  a t i p  speed  of 1400 f e e t  
p e r  second w a s  demonst ra ted .  However, f o r  t h e  p o t e n t i a l  b e n e f i t s  o f  t r a n -  
s o n i c  compressors  t o  be  f u l l y  r e a l i z e d ,  it i s  d e s i r a b l e  f o r  t h e  level of 
t o t a l - p r e s s u r e - r i s e  o b t a i n e d  i n  one s t a g e  t o  be even  h i g h e r  t h a n  t h a t  
p r e v i o u s l y  o b t a i n e d .  Fo r  t h i s  r e a s o n  i t  was d e s i r e d  t o  o b t a i n  per formance  
d a t a  a t  a h i g h e r  l o a d i n g  l e v e l  co r re spond ing  t o  a d e s i g n  t i p  d i f f u s i o n  
f a c t o r  o f  0.45, which c a n  be  compared w i t h  t h e  p r e v i o u s l y  used  v a l u e  of 
0.35.  While  t h e  use  of a d i f f u s i o n  f a c t o r  i s  a g r e a t  h e l p  i n  t h e  d e f i n i t i o n  
of r o t o r  l oad ing ,  c o n s i d e r a t i o n s  of shock l o s s e s  i n  t r a n s o n i c  pas sages  
c l e a r l y  have a t  least  as impor t an t  a c o n t r i b u t i o n  t o  make i n  a s s e s s i n g  
b l a d e  l o a d i n g  c a p a b i l i t i e s .  The des ign  o b j e c t i v e  o f  t h e  t h r e e  more h i g h l y  
loaded  r o t o r s  was t h e r e f o r e  t o  de te rmine  t h e  per formance  p o t e n t i a l  
of such r o t o r s  and i f  p o s s i b l e  t o  o p t i m i z e  t h e  r o t o r  b l a d e  p r o p o r t i o n s  i n  
such  a way t h a t  t h e  r o t o r  c o u l d  be more h i g h l y  loaded  w i t h o u t  s i g n i f i c a n t  
s a c r i f i c e  i n  e f f i c i e n c y .  

Ro to r  2E, t h e  second of a series of fou r  med ium-aspec t - r a t io  r o t o r s ,  i s  
des igned  f o r  a t i p  d i f f u s i o n  f a c t o r  of 0.45. A new t y p e  of b l a d e  shape  h a s  
been employed, i n  which t h e  camber l ine  c o n s i s t s  of two c i r c u l a r  a r c s  t h a t  
a r e  mutua l ly  t a n g e n t  a t  t h e  p o i n t  where they  j o i n .  S i m i l a r l y  t h e  s u c t i o n  
and p r e s s u r e  s u r f a c e s  a r e  a l s o  each  composed of two c i r c u l a r  a r c s  which 
a r e  mutua l ly  t a n g e n t  a t  t h e i r  j u n c t i o n  p o i n t .  The s u c t i o n  s u r f a c e  j u n c t i o n  
p o i n t  i s  d i r e c t l y  a c r o s s  t h e  f low passage  from t h e  l e a d i n g  edge o f  t h e  
a d j a c e n t  b l a d e  t h a t  forms t h e  o t h e r  s i d e  of t h e  f low passage .  The f r o n t  
a r c  i s  i d e n t i f i e d  as t h e  s u p e r s o n i c  a rc ,  and t h e  rear a r c  i s  i d e n t i f i e d  as 
t h e  s u b s o n i c  a r c .  The term, camber r a t i o ,  r e f e r s  t o  t h e  r a t i o  of t h e  camber 
of t h e  s u p e r s o n i c  a r c  t o  t h e  t o t a l  camber. Blade  e l emen t s  developed i n  
t h i s  way a r e  c a l l e d  m u l t i p l e - c i r c u l a r - a r c  s e c t i o n s .  The Rotor  2E b l a d e  
was des igned  t o  have a camber r a t i o  of 0.35;  t h i s  v a l u e  i s  i n t e r m e d i a t e  
between t h e  two ext reme c a s e s  o f  a d o u b l e - c i r c u l a r - a r c  b l a d e  s e c t i o n  and a 
b l a d e  s e c t i o n  having  t h e  minimum s u p e r s o n i c  camber which i s  c o n s i s t e n t  w i t h  
f low choking  l i m i t a t i o n s ,  a s  used i n  Rotors  2D and 2B r e s p e c t i v e l y .  
r o t o r s  have d o u b l e - c i r c u l a r - a r c  e lements  from t h e  hub ou tboa rd  t o  a p p r o x i -  
ma te ly  t h e  60% span l o c a t i o n .  

A l l  

Details of t h e  d e s i g n  of Rotor  2E and t h e  o t h e r  r o t o r s  t o  be  e v a l u a t e d  i n  
t h i s  t es t  ser ies  a r e  g i v e n  i n  r e f e r e n c e  2. 
of tests, on Rotor  2E, w i t h  a uniform i n l e t  flow. 

T h i s  r e p o r t  p r e s e n t s  r e s u l t s  

SYMBOL S 

The f o l l o w i n g  symbols a r e  used in t h i s  r e p o r t :  

2 A f low a r e a ,  i n  
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A 
j 

a 

ch 

C 
P 

C 

C 
P 

D 

J 

M 

P 

in P 

P 

P 
j 

area represented by each discharge rake element. 
the area of an annulus bounded either by radii midway between 

2 those of two adjacent elements or by the hub or casing, in 

This is 

distance along chord line to position where maximum perpen- 
dicular displacement between camberline and chord line occurs, 
in 

enthalpy -equivalent static -pressure -rise coefficient, 

Y - 1  - 
2 2  

2gJct P I  [(:) - 1 1  - (U2 - U1) 
'h = n 

static-pressure-rise coefficient, c = P2 - PI 
P i  - PI P 

blade chord length, in 

specific heat at constant pressure, Btu/lb-OR 

diffusion factor, 

+ r2v02 - rlV e 1  T 2;a v; D = l  - 

2 acceleration due to gravity, 32.174 ft/sec 

incidence angle, difference between air angle and camber 
line angle at leading edge in cascade projection, deg 

mechanical equivalent of heat, 778.161 ft-lb/Btu 

Mach number 

total or stagnation pressure, psia 

compressor inlet average total pressure, psia 

arithmetic average total pressure at j immersion, psia 

static or stream pressure, psia 

r radius, in 
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- 
r mean r a d i u s ,  ave rage  q f  s t r e a m l i n e  l ead ing -edge  and t r a i l i n g -  

edge radi i ,  i n  

t o t a l  o r  s t a g n a t i o n  tempera ture ,  OR T 

a r i t h m e t i c  a v e r a g e  t o t a l  t e m p e r a t u r e  a t  j immersion, OR T 
j 

s t a t i c  o r  s t r eam tcnlperature ,  OR t 

b l a d e  t h i c k n c s s ,  i n  t 

b l a d e  edge t l i i i .kness ,  i n  
te 

b l a d e  maximum t h i c k n e s s .  i n  
t m  

U r o t o r  speed,  f t  I s e c  

a i r  veLoc i t v ,  f t /see V 

a v e r a g e  a x i a l  v < * I o c . i t y  a t  j i m , w r s i o n ,  f t / s e c  

weight  flow. 1:- ' c -  W 

Z 

a i r  ang le .  an% . i P\"L : .]I <>f i t  i s  t h e  r a t i o  of t a n g e n t i a l  
t o  a x i a l  ve l , ?c i ty ,  de,: 

r a t i o  of s p e c i f i c  h e a t s  

b l ade -chc rd  a n g l e .  a n n l t .  i n  c a s c a d e  p r o j e c t i o n  between b l a d e  
chord  and a x i a l  d i r e c t ,  )n ,  dcg  

6 p s  i a  
7 -  

r a t i o :  - t o t a l  p resFur  I __ 
s t a n d a r d  p r e s  s:ii-t' I L i  ti96 p s i a  

6" 

0 

E mer id iona l  i n g l  c I arLr 1 1 wet r i  t a n g e n t  t o  s t r e a m l i n e  p r o j e c t e d  
on meridl , )na 1 p l s n c  +a-,Li a;- L J I  I ,peet ion,  deg 

e 

e f f i c i e n t  

! 
I 



a n g l e  between c y l i n d r i c a l  p r o j e c t i o n  of and a x i a l  
KO d i r e c t i o n ,  deg K 

2 4  s t a t i c  o r  s t r e a m  d e n s i t y ,  l b - s e c  l f t  P 

camber angle ,  d i f f e r e n c e  between a n g l e s ,  i n  c a s c a d e  p r o j e c t i o n ,  
of t a n g e n t s  t o  camber l i n e  a t  extremes of camber l i n e  a r c ,  deg 

4)O 

0 s o l i d i t y ,  r a t i o  of chord  t o  s p a c i n g  

JI 

- t o t a l - p r e s s u r e - l o s s  c o e f f i c i e n t  

s t r e a m  f u n c t i o n ;  JIh GO, JI, =1 

w 

S u b s c r i p t s  : 

a p o i n t  on camber l i n e  were maximum camber l i n e  r i s e  o c c u r s  

a d  a d i a b a t i c  

a n  annulus  v a l u e  

C t i p  o r  c a s i n g  a t  any p l a n e  

d downstream 

e e q u i v a l e n t  two-dimensional c a s c a d e  

h hub a t  any p l a n e  

m m e r i d i o n a l  d i r e c t i o n  

P p o l y t r o p i c  

S s u c t i o n  s u r f a c e  

t t i p  a t  r o t o r  l e a d i n g  edge p l a n e  

t t o t a l  when r e f e r r i n g  t o  b l a d e  e lement  

U ups t ream 

Z w i t h  r e s p e c t  t o  a x i a l  d i s p l a c e m e n t  

8 

1 l e a d i n g  edge 

w i t h  r e s p e c t  t o  m e r i d i o n a l  d i sp lacement  

2 t r a i l i n g  edge 

0.05, 0.86, 0.95, 1.51, 1.57, 2.0 i n s t r u m e n t a t i o n  p l a n e  d e s i g n a t i o n s  
( f i g .  5 )  
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S u p e r s c r i p t s :  

9c 

1 

c r i t i c a l  f low c o n d i t i o n  

r e l a t i v e  t o  r o t o r  

APPARATUS AND PROCEDURE 

T e s t  Ro to r  

The d e s i g n  of  t h e  r o t o r  used  i n  t h i s  t e s t  i n v e s t i g a t i o n  i s  p r e s e n t e d  i n  
r e f e r e n c e  2 i n  which it  i s  i d e n t i f i e d  a s  Ro to r  2E. The r o t o r  was des igned  
f o r  a c o r r e c t e d  weight  f low p e r  u n i t  f r o n t a l  a r e a  of  29.66 l b s / s e c  p e r  
s q u a r e  f o o t .  With t h e  s e l e c t e d  r o t o r  t i p  d i a m e t e r  of 36.5 i n c h e s  and t h e  
h u b - t i p  r a d i u s  r a t i o  o f  0.50, t h e  d e s i g n  c o r r e c t e d  weight  f low i s  215.49 
l b s l s e c .  The s e l e c t i o n  of  a r o t o r  t i p  s o l i d i t y  of  1 .3 ,  a d i f f u s i o n  f a c t o r  
of 0.45, z e r o  i n l e t  s w i r l ,  a r o t o r  t i p  speed  of 1400 f t / s e c ,  and a n  a x i a l  
v e l o c i t y  r a t i o  of  0 .91  p e r m i t t e d  t h e  c a l c u l a t i o n  o f  t h e  change i n  a n g u l a r  
momentum a c r o s s  t h e  r o t o r  a t  t h e  r o t o r  t i p .  T h i s  change i n  a n g u l a r  
momentum, w i t h  a s u i t a b l e  r o t o r  t o t a l - p r e s s u r e - l o s s  c o e f f i c i e n t  d e r i v e d  
from t h e  NASA method of  r e f e r e n c e s  3 and 4,  r e s u l t e d  i n  a d e s i g n  r o t o r  
t o t a l - p r e s s u r e  r a t i o  of  1.76. The d e s i g n  t o t a l - p r e s s u r e  r a t i o  was h e l d  
c o n s t a n t  r a d i a l l y .  Because t h e  l o s s  c o r r e l a t i o n  r e s u l t e d  i n  r a d i a l l y  
v a r y i n g  l o s s e s ,  a r a d i a l  v a r i a t i o n  of t h e  change i n  a n g u l a r  momentum was 
used i n  t h e  d e s i g n  v e c t o r  diagram c a l c u l a t i o n s .  

D o u b l e - c i r c u l a r - a r c  b l a d e  s e c t i o n s  were used i n  t h e  cascade  p r o j e c t i o n *  
a l o n g  t h e  r a d i a l  h e i g h t  of  t h e  b l a d e  between t h e  hub and a p o i n t  a p p r o x i -  
mate ly  60 p e r  c e n t  of  t h e  span  away from t h e  hub. M u l t i p l e - c i r c u l a r - a r c  
s e c t i o n s  were used i n  t h e  remain ing  p o r t i o n  o f  t h e  b l ade .  Blade  d e s i g n  
d a t a  a p p e a r  i n  Tab le  1. An o v e r a l l  v i e w  o f  t h e  assembled Rotor  2E a p p e a r s  
i n  f i g u r e  l ( a )  and a c lose -up  view of t h e  t i p  s e c t i o n  i s  shown i n  f i g u r e  
1 (b)  . 
I n  o r d e r  t o  a s s e s s  t h e  q u a l i t y  of  t h e  b l a d i n g  a f t e r  manufac ture ,  t h e  b l a d i n g  
was i n s p e c t e d  by means o f  con tour  l a y o u t s  from s i x  of t h e  twe lve  manufac t -  
u r i n g  s e c t i o n s  f o r  s even  b l a d e s  s e l e c t e d  a t  random from t h e  b a t c h ,  A 
m e r i d i o n a l  view o f  t h e  r o t o r  a p p e a r s  i n  f i g u r e  2 and t h e  i n s p e c t e d  s e c t i o n s  
a r e  i d e n t i f i e d  by a s t e r i s k s .  A t  each manufac tu r ing  s e c t i o n  t h e  a v e r a g e  o f  
t h e  seven  b l a d e s  was o b t a i n e d  and was compared w i t h  t h e  d e s i g n  i n t e n t .  
The r e s u l t s  of  t h e  comparisons of  the  a v e r a g e  b l a d e  s e c t i o n s  w i t h  d e s i g n  
i n t e n t  appea r  i n  f i g u r e s  3 ( a )  through 3 ( f ) .  These f i g u r e s  show t h e  b l a d e  

*As d e s c r i b e d  i n  r e f e r e n c e  2, 
t h e  i n t e r s e c t i o n  of  a b l a d e  and a n  axisymmetr ic  s t r e a m  s u r f a c e  i n  t h e  r a d i a l  
d i r e c t i o n .  The j u s t i f i c a t i o n  f o r  the  u s e  of  t h i s  p r o j e c t i o n  i s  g i v e n  i n  
r e f e r e n c e  5. 

t h e  cascade  p r o j e c t i o n  i s  o b t a i n e d  by v iewing  
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a s  measured i n  i t s  c o l d  ( z e r o  speed)  c o n d i t i o n .  A t  f i r s t  s i g h t  t h e  
agreement between measured and d e s i g n  s e c t i o n s  does  n o t  a p p e a r  t o  be 
good, t h e  e r r o r  b e i n g  e q u i v a l e n t  t o  a s t a g g e r  change i n  which t h e  measured 
s e c t i o n s  a r e  more c l o s e d  t h a n  d e s i g n  i n t e n t .  However, a s m a l l  manufac tur -  
i n g  d iscrepancy  
t h e  b l a d e  t o  open up more t h a n  d e s i g n  i n t e n t  a s  t h e  r o t o r  was a c c e l e r a t e d  
t o  d e s i g n  speed. 
maximum e r r o r s  remain ing  a t  d e s i g n  speed were such  t h a t  t h e  b l a d e  was 
about  0 . 2 O  more open t h a n  d e s i g n  i n t e n t  a t  s e c t i o n s  o u t b o a r d  of  t h e  
shroud and a b o u t  0 . 3 "  more c l o s e d  t h a n  d e s i g n  i n t e n t  a t  s e c t i o n s  between 
t h e  shroud and t h e  hub. 

was a l s o  p r e s e n t  i n  t h e  p a r t - s p a n  s h r o u d s  which e n a b l e d  

These e r r o r s  p a r t i a l l y  compensated each o t h e r  and  t h e  

The average  running  t i p  c l e a r a n c e  a t  100% speed  was 0.043 i n c h e s .  

T e s t  F a c i l i t y  and I n s t r u m e n t a t i o n  

performance t e s t s  of t h i s  r o t o r  were made i n  Genera l  E l e c t r i c ' s  House 
Compressor Test F a c i l i t y ,  a t  Lynn, M a s s a c h u s e t t s .  A diagram of t h e  t e s t  
s e t  up i s  g i v e n  i n  f i g u r e  4 and t h e  f a c i l i t y  i s  d e s c r i b e d  i n  r e f e r e n c e  1. 
I n s t r u m e n t a t i o n  was a l s o  i d e n t i c a l  w i t h  t h a t  used f o r  t h e  t e s t i n g  of  Rotor  
1B, w i t h  the  e x c e p t i o n  of t h e  r o t o r  e x i t  t o t a l  t e m p e r a t u r e  and t o t a l  
p r e s s u r e  rakes ,  which had e lements  a t  t h e  f i v e  new r a d i a l  p o s i t i o n s  c o r r e s -  
ponding t o  t h e  lo%, 30%, 50%, 70% and 90% immersions.  The m e r i d i o n a l  and 
c i r c u m f e r e n t i a l  l o c a t i o n s  of i n s t r u m e n t a t i o n  a r e  shown i n  f i g u r e s  5 and 6 
r e s p e c t i v e l y .  The g e n e r a l  c o n s t r u c t i o n  f e a t u r e s  of  t h e  f i x e d  r a k e s  and 
t r a v e r s e  probes a r e  i l l u s t r a t e d  i n  f i g u r e s  7 and 8. 

Genera l  T e s t  Procedure  

The fo l lowing  t e s t  sequence was fol lowed,  i n  g e n e r a l ,  d u r i n g  t h e  t e s t i n g  
of t h i s  r o t o r .  With t h e  t h r o t t l e  v a l v e  set  t o  d e l i v e r  a p p r o x i m a t e l y  t h e  
d e s i g n  t o t a l - p r e s s u r e  r a t i o  a t  100% c o r r e c t e d  speed, d a t a  were r e c o r d e d  
from f i x e d  i n s t r u m e n t a t i o n  a t  50%,, 70%, 90%, 100% and 110% c o r r e c t e d  speeds .  
(When only f i x e d - i n s t r u m e n t a t i o n  measurements a r e  taken ,  t h e  d a t a  r e a d i n g s  
a r e  termed g r e e n  r e a d i n g s ) .  The t e s t  r o t o r  was r e t u r n e d  t o  50% c o r r e c t e d  
speed and t h e  t h r o t t l e  v a l v e  c l o s e d  u n t i l  t h e  l i m i t  o f  s t a l l - f r e e  o p e r a t i o n  
was achieved.  With t h e  t h r o t t l e  re -se t  so t h a t  t h e  v e h i c l e  o p e r a t e d  a s  
c l o s e  t o  s t a l l  a s  f e a s i b l e ,  b l a d e  e lement  d a t a  and  a g r e e n  r e a d i n g  were 
o b t a i n e d  a t  each speed over  t h e  remain ing  p o r t i o n  of s t a l l - f r e e  o p e r a t i o n  
up t o  t h e  maximum f a c i l i t y  f low c a p a c i t y .  Green r e a d i n g s  and h o t - w i r e  
d a t a  were t h e n  o b t a i n e d  i n  t h e  s t a l l  r e g i o n  w i t h  t h e  t h r o t t l e  v a l v e  c l o s e d  
t o  t h e  s e t t i n g  where s t a l l - f r e e  o p e r a t i o n  t e r m i n a t e d .  A l l  d a t a  p o i n t s  
a r e  l i s t e d  i n  t a b l e  2.  

Because of t h e  s m a l l  p r e s s u r e  r i s e  a t  t h e  50% and 70% speeds,  a c c u r a t e  
performance measurements were n o t  o b t a i n e d  from a b s o l u t e  p r e s s u r e  r e a d i n g s .  
T h e r e f o r e  t h e s e  two speed l i n e s  were r e - r u n  w i t h  t h e  i n s t r u m e n t a t i o n  hook- 
up r e v i s e d  t o  p r o v i d e  measurements of p r e s s u r e  r i s e  a c r o s s  t h e  r o t o r  r a t h e r  
t h a n  a b s o l u t e  p r e s s u r e s .  The r e a d i n g s  f o r  which t h e  r e s u l t s  a r e  p r e s e n t e d  
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on t h i s  b a s i s  a re  i d e n t i f i e d  i n  t a b l e  2. 

T e s t i n g  i n  t h e  U n s t a l l e d  Region 

I 

For  a l l  speeds  t h e  t h r o t t l e  p o s i t i o n s  a t  which d a t a  were r e c o r d e d  i n  t h e  
s t a l l  f r e e  r e g i o n  of  o p e r a t i o n  were g e n e r a l l y  s e l e c t e d  t o  g i v e  t h e  c l o s e s t  
s p a c i n g  of t h e  p o i n t s  on t h e  map a t  those  p l a c e s  where c u r v a t u r e  o f  t h e  
speed  l i n e  was g r e a t e s t ,  A t  low speeds,  t h i s  l e d  t o  a r e l a t i v e l y  even  
s p a c i n g  whereas,  a t  h i g h e r  speeds,  the  t h r o t t l e  p o s i t i o n s  were c o n c e n t r a t e d  
i n  t h e  h i g h e r  p r e s s u r e  r a t i o  r e g i o n  where i n c i d e n c e  v a r i a t i o n s  occur .  

A t  t h e  r o t o r  i n l e t  t r a v e r s e  l o c a t i o n ,  t h e  s t a t i c  p r e s s u r e  wedge w a s  se t  
t o  z e r o  f low d i r e c t i o n  and t h e  cobra  probe  was a l lowed  t o  s e e k  i t s  n u l l e d  
p o s i t i o n .  A t  t h e  r o t o r  e x i t  t r a v e r s e  l o c a t i o n  t h e  s t a t i c  p r e s s u r e  wedge was 
manual ly  r o t a t e d  t o  t h e  a n g l e  o r i e n t a t i o n  e s t a b l i s h e d  by t h e  n u l l e d  p o s i t i o n  
of  t h e  cobra  p robe ;  s i n c e  s t a t i o n a r y  vane rows and s t r u t s  were r e l a t i v e l y  
f a r  removed from t h i s  p lane ,  c i r c u m f e r e n t i a l  v a r i a t i o n s  o f  a n g l e  were presumed 
t o  be  s u f f i c i e n t l y  s m a l l  n o t  t o  a f f e c t  t h e  p r e s s u r e  r e a d  by t h e  wedge s t a t i c  
probe ,  Probe immersion i n d i c a t o r s  and t h e  p robe  aerodynamic pa rame te r s  
were connec ted  t o  c o n v e n t i o n a l  X-Y p l o t t i n g  equipment .  Cont inuous  t r a v e r s e s  
were o n l v  r eco rded  f o r  t h e  r o t o r  ex i t  f low a n g l e :  t h e s e  were used  t o  g i v e  
a n  i n d i c a t i o n  o f  t h e  r a d i a l  e x t e n t  of t h e  p a r t - s p a n  shroud wake. Recording 
of d a t a  from t h e  t r a v e r s i n g  p robes  a t  t h e  s t a n d a r d  immersions was ach ieved  
by means o f  a d i g i t i z e d  r e a d - o u t  on  punched pape r  t ape ,  a s  was a l s o  t h e  
c a s e  f o r  t h e  r e c o r d i n g  of d a t a  from f i x e d  i n s t r u m e n t a t i o n .  

S t a l l  T e s t i n g  

Upon c l o s i n g  t h e  t h r o t t l e  va lve ,  r o t a t i n g  s t a l l s  were encountered ,  a t  a l l  
speeds ,  
o p e r a t i o n  be ing  e s t a b l i s h e d  by c l o s i n g  t h e  t h r o t t l e  v a l v e  s lowly  u n t i l  
performance and s t ress  changes were noted.  F o r  t h e  f i r s t  s t a l l  a t  each  
speed t h e  t h r e e  t r a v e r s e  h o t - w i r e  anemometer p robes  were immersed a t  t h r e e  
d i f f e r e n t  immersions.  I n  t h i s  way a knowledge o f  t h e  r a d i a l  e x t e n t  of  t h e  
r o t a t i n g  s t a l l  c e l l s  was ga ined .  For t h e  second s t a l l  t h e  h o t  w i r e  anemometer 
p robes  were a l l  se t  a t  t h e  10% immersion so t h a t  i n f o r m a t i o n  was o b t a i n e d  
from which t h e  speed and number of r o t a t i n g  s t a l l  c e l l s  c o u l d  be deduced. 

The r o t o r  was s t a l l e d  t w i c e  a t  each  speed, t h e  l i m i t  of s t a l l  f r e e  

RESULTS AND DISCUSSION 

For  t h e  t e s t i n g  o f  t h i s  r o t o r  two banks o f  a i r  f i l t e r s  were i n  p l a c e  i n  
t h e  i n l e t  of t h e  f a c i l i t y  ( f i g .  4 ) .  No d e t e r i o r a t i o n  i n  per formance  due  
t o  d i r t  accumula t ion  occur red  d u r i n g  t h i s  t e s t i n g .  

O v e r a l l  Performance 

The compressor  map o b t a i n e d  d u r i n g  t e s t i n g  of  t h e  r o t o r  i s  shown i n  f i g u r e  
9. The i n l e t  t o t a l - t e m p e r a t u r e  level  was e s t a b l i s e d  a s  t h e  a r i t h m e t i c  



a v e r a g e  of 24 i n l e t  t e m p e r a t u r e s  measured i n  t h e  low v e l o c i t y  r e g i o n  a t  
t h e  f a c i l i t y  i n l e t  s c r e e n  ( f i g .  4 ) .  The r o t o r  ex i t  t o t a l - t e m p e r a t u r e  and 
t o t a l - p r e s s u r e  r a t i o  were e s t a b l i s h e d  on t h e  b a s i s  of f i x e d  p robe  r e a d i n g s  
by a mass weigh t ing  r o u t i n e ,  a s  f o l l o w s .  A t  each  immersion, measurements 
from a l l  c i r c u m f e r e n t i a l  l o c a t i o n s  were a r i t h m e t i c a l l y  ave raged .  The s t a t i c  
p r e s s u r e  was assumed t o  v a r y  l i n e a r l y  from hub t o  c a s i n g  based  on  t h e  
measured average  hub and c a s i n g  v a l u e s .  With s t a t i c  p r e s s u r e ,  t o t a l  
p r e s s u r e ,  and t o t a l  t e m p e r a t u r e  known, s t a t i c  d e n s i t y  and a b s o l u t e  v e l o c i t y  
were computed a t  each  immersion. The t a n g e n t i a l  v e l o c i t y  was o b t a i n e d  from 
t h e  t o t a l - t e m p e r a t u r e  r ise  and t h e  E u l e r  tu rbomachinery  e q u a t i o n ,  and t h i s  
t o g e t h e r  w i th  t h e  a b s o l u t e  v e l o c i t y  and t h e  d e s i g n  m e r i d i o n a l  s t r e a m l i n e  
ang le ,  gave t h e  a x i a l  v e l o c i t y .  The d i s c h a r g e  t o t a l - t e m p e r a t u r e  and t o t a l -  
p r e s s u r e  r a t i o  w e r e  t h e n  o b t a i n e d  from t h e  f o l l o w i n g  e q u a t i o n s :  

j 
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j =l 

- -  P -  

p i n  

j =1 1 

Y 
Y - 1  
- 

1 .  + 1  
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These q u a n t i t i e s  were used w i t h  th.e r e a l  gas  p r o p e r t i e s  of d r y  a i r  t o  compute 
t h e  r o t o r  a d i a b a t i c  e f f i c i e n c i e s .  

A l l  p o i n t s  p l o t t e d  on t h e  map a t  50% and 70% speeds  were o b t a i n e d ,  a s  
d e s c r i b e d  p r e v i o u s l y ,  from d i r e c t  measurements of p r e s s u r e  d i f f e r e n c e  
a c r o s s  the r o t o r .  For  Rotor  1 B  ( r e f .  l), n o z z l e  f lows  had been somewhat 
e r r a t i c  a t  50% d e s i g n  speed. The s c a t t e r  i n  we igh t  f low was e l i m i n a t e d  
f o r  t h a t  r o t o r  by e s t a b l i s h i n g  a c o r r e l a t i o n  between n o z z l e  f low and i n t e -  
g r a t e d  flow and r e a d i n g  o f f  t h e  n o z z l e  f low e q u i v a l e n t  t o  t h e  known 
i n t e g r a t e d  flow. Although t h e  nozz le  f lows  o b t a i n e d  i n  t h e  t e s t i n g  of 
Rotor  2E a t  50% d e s i g n  speed were n o t  e r r a t i c ,  t h e  procedure  p r e v i o u s l y  
adopted  w a s  r e t a i n e d  f o r  c o n s i s t e n c y .  A t  h i g h e r  speeds  t h e  c o r r e c t e d  
weight  flow w a s  o b t a i n e d  d i r e c t l y  from t h e  c a l i b r a t e d  v e n t u r i  f low n o z z l e s .  

The maximum r o t o r  a d i a b a t i c  e f f i c i e n c y  f o r  Ro to r  2E, of 0.931, was ach ieved  
a t  70% c o r r e c t e d  speed. 
occu r red  q u i t e  c l o s e  t o  s t a l l .  A l i n e  of c o n s t a n t  t h r o t t l e  p o s i t i o n  through 

A t  d e s i g n  speed  t h e  peak e f f i c i e n c y ,  of 0,884, 



t h e  R o t o r s  2 d e s i g n  p o i n t  i n t e r s e c t s  t h e  100% speed l i n e  a t  a p l a c e  where, 
f o r  any r e a s o n a b l e  a p p l i c a t i o n  of t h i s  r o t o r ,  t h e  r ~ t s r  wsu?d Anovate .2y-& mgch 
t o o  c l o s e  t o  t h e  s t a l l  l i n e .  Fo r  c o n d i t i o n s  a t  d e s i g n  speed,  judged t o  
have adequa te  s t a l l  margin,  a t o t a l - p r e s s u r e  r a t i o  of  1 . 7 1 1  and a n  a d i a -  
b a t i c  e f f i c i e n c y  of  0 ,869  were achieved  a t  a f low o f  225.9 l b s / s e c .  Rotor  
2E was des igned  t o  d e l i v e r  a t o t a l - p r e s s u r e  r a t i o  of  1 .76 and a r o t o r  
a d i a b a t i c  e f f i c i e n c y  of  0.837 a t  a flow o f  215.49 l b s l s e c .  

A comple te  l i s t i n g  of t h e  o v e r a l l  performance d a t a  (g reen  r e a d i n g s )  a p p e a r s  
i n  t a b l e  2. A number of  r e a d i n g s  were r e p e a t e d  i n  o r d e r  t o  o b t a i n  a h i s t o r y  
of  t h e  performance over  t h e  p e r i o d  of t e s t i n g  t ime.  On t h e  b a s i s  of  t h e s e  
measurements i t  was de te rmined  t h a t  r e p e a t a b i l i t y  was w i t h i n  a c c e p t a b l e  
l i m i t s .  Only one t y p i c a l  r ead ing ,  f o r  each  t h r o t t l e  v a l v e  s e t t i n g ,  has  been 
p l o t t e d .  

S t a  11 Performance 

The t h r o t t l e  p o s i t i o n  r e p r e s e n t i n g  the  l i m i t  of s t a l l - f r e e  performance 
of t h e  r o t o r ,  upon c l o s i n g  t h e  t h r o t t l e  va lve ,  was r eco rded .  With t h i s  
i n f o r m a t i o n  and performance d a t a  a t  t h r o t t l e  p o s i t i o n s  c l o s e  t o  t h e  s t a l l  
t h r o t t l e  p o s i t i o n  i t  i s  p o s s i b l e  t o  e x t r a p o l a t e  each  speed  l i n e  on t h e  
compressor  map t o  t h e  l i m i t  of  s t a l l  f r e e  o p e r a t i o n .  The s t a l l  l i n e  d e t e r -  
mined i n  t h i s  manner i s  shown i n  f i g u r e  9. The o v e r a l l  performance measure 
ments, r eco rded  wh i l e  t h e  r o t o r  was o p e r a t i n g  w i t h  s t a l l  p r e s e n t ,  appea r  a s  
s o l i d  symbols i n  f i g u r e  9. S ince  t h e  f low was q u i t e  uns t eady  f o r  t h e s e  
r e a d i n g s  t h e i r  accu racy  i s  open t o  ques t ion .  

Samples of t h e  ho t -wi re  anemometer data  appea r  i n  f i g u r e  10. These a r e  c o p i e s  
of V i s i c o r d e r  t r a c e s  from t h e  t h r e e  anemometers. I n  f i g u r e  lO(a)  t h e  
anemometers a r e  a t  immersions o f  20%, 50% and 70%. A s t u d y  of  such  t r a c e s  
g i v e s  a n  i n d i c a t i o n  o f  t h e  r a d i a l  e x t e n t  of  s t a l l  c e l l s .  I n  f i g u r e  lO(b) 
t h e  anemometers a r e  each  a t  10% immersion. 

I n  o r d e r  t o  e s t a b l i s h  t h e  number and speed  of  t h e  r o t a t i n g  s t a l l  c e l l s ,  
phase  d i f f e r e n c e  between any two h o t  w i re s  g i v e s  c e r t a i n  o p t i o n s  and t h e  
u s e  of  a t h i r d  anemometer e l i m i n a t e s  a l l  i n t e g r a l  numbers excep t  one. A 
knowledge of t h e  paper  speed  of  t h e  t r a c e  and t h e  number o f  c e l l s  p e r m i t s  
d e d u c t i o n  of t h e  s t a l l  s p e e d l r o t o r  speed r a t i o .  T h i s  method g e n e r a l l y  
f o l l o w s  t h e  method g iven  i n  r e f e r e n c e  6. Another  method i s  a v a i l a b l e  t o  
check t h e  number and speed of t h e  r o t a t i n g  s t a l l  c e l l s  by u t i l i z i n g  t h e  
t r a c e s  from a r o t o r  s t r a i n  gauge and a h o t  w i r e .  The number of s t a l l  c e l l s  
can  be c a l c u l a t e d  by adding  t h e  number o f  p u l s e s  p e r  u n i t  t i m e  of t h e  s t r a i n  
gauge and t h e  h o t  w i r e  and d i v i d i n g  the  t o t a l  by t h e  number of  r o t o r  
r e v o l u t i o n s  f o r  t h e  same u n i t  of  t ime. The r a t i o  of  s t a l l  speed t o  r o t o r  
speed i s  c a l c u l a t e d  by d i v i d i n g  t h e  number of p u l s e s  p e r  u n i t  t i m e  on t h e  
ho t -wi re  t r a c e  by t h e  p roduc t  of  t h e  r o t o r  r e v o l u t i o n s  p e r  u n i t  t ime and 
t h e  number of s t a l l  c e l l s .  The number and speed of  t h e  r o t a t i n g  s t a l l  c e l l s  
de te rmined  by bo th  methods were i n  agreement .  These d a t a  and o t h e r  s t a l l i n g  
performance i n f o r m a t i o n  a r e  p re sen ted  i n  f i g u r e  1O(c) .  

t h e  
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Blade Element Performance 

For  p r e s e n t a t i o n  of  t h e  d a t a  from t r a v e r s e  p r o b e s  l o c a t e d  ups t ream and 
downstream of t h e  r o t o r ,  a method of a d j u s t i n g  t h e  d a t a  t o  o b t a i n  c o n d i t i o n s  
a t  t h e  b lade  edges  was used. 
tempera ture ,  s t a t i c  p r e s s u r e  and f low a n g l e  a t  e a c h  immersion and u s i n g  
t h e  d e s i g n  m e r i d i o n a l  s t r e a m l i n e  a n g l e ,  t h e  m e r i d i o n a l  Mach number and  a l l  
v e l o c i t y  components a t  each  measurement p l a n e  may be c a l c u l a t e d .  A p p l i c a t i o n  
of  t h e  c o n d i t i o n  o f  c o n s t a n t  a n g u l a r  momentum a l o n g  d e s i g n  s t r e a m l i n e s  y i e l d s  
t h e  t a n g e n t i a l  v e l o c i t y  a t  each  b l a d e  edge. It i s  assumed t h a t  t h e  shape  of 
each  m e r i d i o n a l  stream tube,  between a measurement p l a n e  and i t s  a d j a c e n t  
b lade  edge, remains f i x e d  a t  t h e  d e s i g n  shape f o r  a l l  d a t a  c o n d i t i o n s .  The 
m e r i d i o n a l  Mach number a t  a measurement p l a n e  may t h e n  be used t o  d e t e r m i n e  
t h e  m e r i d i o n a l  Mach number a t  t h e  b l a d e  edge by u s e  of t h e  r e l a t i o n s h i p  
shown i n  f i g u r e  11. T h i s  method i s  n o t  s t r i c t l y  c o r r e c t  a t  t h e  t r a i l i n g  
edge where t h e r e  may be a n  a p p r e c i a b l e  s w i r l  v e l o c i t y  t o g e t h e r  w i t h  a change 
i n  r a d i u s  between t h e  edge and t h e  measurement p l a n e .  N e v e r t h e l e s s ,  s i n c e  
t h e  r a d i u s  changes a r e  n o t  l a r g e ,  t h e  method s h o u l d  be a v e r y  good a p p r o x i -  
mat ion.  With t h e  t a n g e n t i a l  v e l o c i t i e s  and t h e  m e r i d i o n a l  Mach numbers a t  
t h e  edges t h u s  o b t a i n e d ,  and w i t h  measured s t a g n a t i o n  c o n d i t i o n s  assumed t o  
be c o n s t a n t  a l o n g  t h e  d e s i g n  s t r e a m l i n e s ,  t h e  v e l o c i t i e s ,  Mach numbers, and 
a l l  o f  t h e i r  components may be de te rmined  a t  t h e  b l a d e  edges .  The c o n s t a n t  
p h y s i c a l  q u a n t i t i e s  used i n  t h e s e  computa t ions  a t  t h e  measurement p l a n e s  
and a t  the b l a d e  edges  a r e  g i v e n  i n  t a b l e  3 .  

Knowing t h e  measured t o t a l  p r e s s u r e ,  t o t a l  

I n  o r d e r  t o  check o u t  t h i s  procedure  and t o  d e t e r m i n e  s m a l l  d i f f e r e n c e s  
due t o  c a l c u l a t i o n  technique ,  d e s i g n  v a l u e s  of t o t a l  p r e s s u r e ,  t o t a l  temper-  
a t u r e ,  s t a t i c  p r e s s u r e  and f low a n g l e  were used i n  a sample c a l c u l a t i o n .  
T r e a t i n g  t h i s  i n f o r m a t i o n  a s  though i t  were t e s t  d a t a ,  t h e  c a l c u l a t i o n  
r o u t i n e  
t h e  d a t a  l i s t e d  i n  t a b l e  4 .  Table  5 i s  i n c l u d e d  t o  g i v e  a more complete  
d e s c r i p t i o n  of t h e  a b b r e v i a t i o n s  used. Some i n d i c a t i o n  of t h e  s m a l l  
d i f f e r e n c e s  which can  occur  i s  g i v e n  i n  t a b l e  4 by t h e  comparison o f  t h e  
i n t e g r a t e d  f lows,  a t  t h e  ups t ream and downstream measurement p l a n e s ,  w i t h  
t h e  nozz le  flow. I n  t h i s  c a s e  t h e  n o z z l e  f low was se t  e q u a l  t o  t h e  d e s i g n  
flow. 

was used t o  g i v e  d e s i g n  p o i n t  b l a d e  e lement  performance, y i e l d i n g  

Complete l i s t i n g s  of b l a d e  element  d a t a  a r e  g i v e n  i n  t a b l e  6 and g r a p h s  of 
some b lade  element  d a t a ,  p l o t t e d  a s  a f u n c t i o n  of i n c i d e n c e  a n g l e ,  a r e  
p r e s e n t e d  i n  f i g u r e  12. 

Measurements of  d i s c h a r g e  s t a g n a t i o n  t e m p e r a t u r e  t a k e n  from t h e  f i x e d  
i n s t r u m e n t a t i o n  were judged t o  be more r e l i a b l e  t h a n  t h o s e  from t h e  cobra  
t r a v e r s i n g  probes.  E f f i c i e n c y ,  l o s s  c o e f f i c i e n t  and l o s s  parameter  were 
t h e r e f o r e  p r o c e s s e d  by s e p a r a t e  computat ion,  u s i n g  f i x e d  i n s t r u m e n t a t i o n  
s tagnat ion .  t e m p e r a t u r e s  and p r e s s u r e s  i n  c o n j u n c t i o n  w i t h  t h e  i n l e t  r e l a t i v e  
Mach number o b t a i n e d  from t h e  t r a v e r s e  probe  d a t a .  The r e s u l t s  of t h i s  
computat ion a r e  g i v e n  a s  a n  a d d i t i o n  i n  t a b l e  6 and l o s s  c o e f f i c i e n t s  
o b t a i n e d  i n  t h i s  way a r e  shown i n  f i g u r e  12. 
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F o r  most of t h e  r e a d i n g s  t h e  p a r t - s p a n  shroud wake impinged upon t h e  
c e n t e r  e lement .  I n  t h e  t e s t i n g  o f  Rotor 2E no s u b s t a n t i a l  r a d i a l  movement 
of t h e  wake, upon c l o s i n g  t h e  t h r o t t l e  v a l v e ,  was observed .  T h i s  i s  sub-  
s t a n t i a t e d  by f i g u r e  13 which i l l u s t r a t e s  t h e  e f f e c t  of t h r o t t l e  v a l v e  
s e t t i n g ,  upon two r o t o r  e x i t  a n g l e  t r a v e r s e s ,  a t  90% speed. 
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Table 1. - Cascade Projection Data for Rotor 2E Blade Setting. 
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r 

r 
- J, *i i Ki K '  - K i  sl 

- 
t C 

1.0 
.9  
. a  
. 7  
.6 
.5 
.4 
. 3  
.2 
.1 
0 

,9963 
.9600 
.9229 
,8840 
.8433 
.8005 
.7540 
.7046 
.6492 
,5850 
.4995 

64.67 
62.87 
61.79 
60.74 
59.66 
58.55 
57.27 
56.20 
55.53 
56.18 
61.18 

3.29 
3.68 
4.10 
4.52 
4.94 
5.35 
5.82 
6.10 
6.09 
5.90 
5.70 

61.38 
59.19 
57.69 
56.22 
54.72 
53.20 
51.45 
50.10 
49.44 
50.28 
55.48 

2.49 
2.96 
3.48 
4.10 
4.84 
5.45 
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6.36 
6.80 
7.23 
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.0060 
,0063 
.0066 
.0069 
.0072 
.0076 
.0079 
.0083 
.0088 
.0093 
,0100 

2 

t 

r 
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.gaol 
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,8815 
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.7675 
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47.78 
44.05 
39.12 
33.36 
26.32 
18.34 
10.18 

49.62 
49.62 
48.39 
46.15 
43.02 
39.00 
33.39 
26.65 
18.11 
7.64 

-6.64 

53.33 
50.47 
48.09 
45.17 
41.66 
37.76 
32.78 
27.15 
19.68 
8.52 

-19.05 

.0060 

.0063 

.0066 

.0070 

.0074 

.0082 

.0086 

.0091 

.0095 

.OlOO 

.007a 

a - 
t 

.660 
,621 
.585 
.562 
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.500 
.500 
.500 
.500 
.500 
.500 

C Y O  J, U 

1.0 
.9  
. a  
.7 
.6 
.5  
.4  
. 3  
.2 
.1 
0 

57.40 
55.58 
53.85 
51.83 
49.30 
46.10 
42.42 
38.37 
33.77 
28.96 
24.42 

1.3058 
1.3520 
1.4036 
1.4618 
1.5283 
1.6055 
1.6963 

1.9382 
2.1106 
2.3663 

1.8044 

11.76 
9.57 
9.30 

10.07 
11.70 
14.20 
18.06 
23.45 
31.33 
42.64 
62.12 
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*Rdg. 

1 
2 
3 
4 
5 
6T 
7T 
8T 
9T 

11T 
12T 
13T 
14T 
15T 
16T 
17T 
18T 
19T 
2 OT 
2 1T 
22T 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32T 
3 3T 
34T 
3 5T 
36T 
37T 
3 8T 
3 9T 
40T 
41T 
42T 
4 3T 
44T 
4 5T 
46T 

*The 

T o t a l  
p r e s s ,  
ra t  i o  

1.153 
1.331 
1.652 
1.857 
1.173 
1.353 
1.672 
1.863 
1.979 
1.568 
1.617 
1.679 
1.728 
1.770 
1.815 
1.320 
1.501 
1.542 
1.592 
1.629 
1.663 
1.606 
1 .777  
1.814 
1.689 
1.921 
1.371 
1.314 
1.219 
1.148 
1.438 
1.373 
1.756 
1.824 
1.875 
1.921 
1.946 
1.218 
1.291 
1.311 
1.319 
1.341 
1.350 
1.116 
1.127 

Table 2. 

Rotor 
adiab. 

e f f .  

.9462 

.9467 

.9056 

.8848 

.8948 

.8806 

.9026 

.8825 

.a316 

.8340 

.a481 

.a677 

.a747 

.a811 

.8870 

.a238 

.8927 

.9117 

.9194 

.9246 

.9167 

.9132 
,8785 
.a775 
.8651 
.8253 
.9538 
.9555 
.9448 
.9444 
.7455 

,8157 
,8220 
.8245 
.8285 
.8266 
.9254 
.9634 
.9646 
,9635 
.9461 
.9061 
.9624 
,9905 

.7a56 

Overal l  Performance based on Fixed Instrumentat ion 

Corrected 
weight 

flow 
l b l s e c  

121.90 
167.71 
203.58 
220.08 
101.28 
143.33 
198.52 
220.04 
233.40 
227.72 
226.51 
226.28 
225.74 
225.50 
223.67 
214.92 
215.33 
214.31 
213.11 
209.41 
204.67 
211.72 
225.38 
223.09 
226.78 
234.43 
184.14 
171.94 
146.00 

234.99 
225.73 
234.55 
234.86 
234.75 
233.35 
233.84 
185.64 
178.53 
172.54 
169.39 
161.84 
153.93 
142.8 
136.4 

122.28 

Rotor speed, 
pe rcen t  
design 

49.96 
70.04 
89.96 
99.96 
49.96 
69.93 
90.03 

100.11 
110.13 
100.05 
100.08 
99.96 

LOO. 04 
100.04 
100.06 
90.02 
90.09 
90.01 
90.05 
89.95 
90.06 
90.02 

100.11 
100.07 
100.08 
110.00 
75.03 
70.04 
60.03 
50.07 

110.09 
99.99 

110.07 
109.94 
109.97 
109.95 
110.02 
70.02 
70.05 
70.02 
69.95 
69.94 
70.05 
49.98 
50.03 

T h r o t t l e  
va lve  

s e t t i n g  

10.0 
10.0 
10.0 
10.0 
4.2 
5.8 
9.0 
9.9 

10.9 
15.0 
14.0 
13.0 
12.3 
11 .7  
11.0 
50.0 
14.0 
13.0 
12.0 
11.0 
10.0 
11 .7  
11.7 
11.0 
13.0 
11.7 
11.7 
11.7 
11.7 
11 .7  
50.0 
50.0 
14.0 
13.0 
12.3 
11.7 
11.3 
50.0 
15.0 
12.3 
11.0 

9.0 
7.5 

50.0 
25.0 

Operating 
mode 

S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  

**Pressure 
mea s u r  emen t 

system 

Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
A3s. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 

l e t t e r  "TI' following the reading number i n d i c a t e s  Blade-Element Performance data  were 
recorded. 

- Instrumentat ion arranged t o  record abso lu te  p re s su re  a t  r o t o r  i n l e t  and e x i t .  
D i f f .  - Instrumentat ion arranged t o  record d i f f e r e n c e  between r o t o r  i n l e t  and e x i t  p re s su res .  

**Abs. 
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*Rdg. 

47T 
4 8T 
4 9T 
50T 
5 1T 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
7 1  
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
8.5 
86 
87 
88 
89 
90 

*The 

C o r r e c t e d  Rotor  speed, 
weight  

f low 
l b l s e c  

131.69 
127.96 
122.9 
113.0 
102.5 

90.19 
129.36 
182.12 
202.53 
217.72 
142.8 
136.4 
131.69 
127.96 
122.9 
113.0 
102.5 
185.18 
178.42 
172.51 
169.85 
161.01 
152.06 
142.96 
223.83 
225.61 
226.03 
226.47 
136.4 
142.8 
136.4 
131.69 
127.96 
122.9 
113.0 
102.5 
186.45 
177.45 
171.43 
169.29 
160.27 
151.44 
143.58 
136.4 

p e r c e n t  
d e s i g n  

50.04 
49.90 
50.06 
49.93 
50.02 
50.04 
70.08 
90.15 

100.02 
110.27 
50.03 
50.05 
50.05 
50.04 
50.01 
50.02 
49.98 
70.02 
70.02 
69.98 
70.04 
70.03 
69.98 
70.02 

100.12 
100.11 
99.96 

100.24 
50.01 
50.02 
50.07 
50.04 
50.01 
50.02 
50.03 
50.00 
70.03 
69.99 
70.11 
70.03 
70.10 
70.03 
70.08 
50.03 

T o t a l  
p r e s s .  
r a t i o  

1.137 
1.141 
1.151 
1.164 
1.172 
1.137 
1.300 
1.575 
1.745 
1.898 
1.117 
1.128 
1.137 
1.142 
1.151 
1.164 
1.172 
1.217 
1.291 
1.311 
1,322 
1.346 
1.351 
1.353 
1.811 
1.777 
1.729 
1.687 
1.127 
1.113 
1.123 
1.132 
1.138 
1.147 
1.159 
1.167 
1.213 
1.284 
1.303 
1.316 
1.338 
1.345 
1.347 
1.122 

Rotor  
a d i a b .  

e f f .  

.9810 

.9952 

.9630 
,9419 
.8883 
.7414 
.7552 
.7927 
,7960 
.7727 
.9628 
.9245 
.9646 
,9460 
.9485 
.9115 
.8827 
.8996 
.9482 
.9447 
.9487 
.9370 
.9047 
.8697 
.8729 
.8782 
.8659 
.8625 
.9525 
.8752 
.8800 
.9078 
.9393 
.9235 
.8855 
.8526 
.8801 
.9262 
.9016 
.9344 
.9159 
.8821 
.8569 
.8945 

Table 2. - O v e r a l l  Performance based  on  F ixed  I n s t r u m e n t a t i o n .  ( c o n t ' d )  

l e t t e r  "T" fo l lowing  t h e  r e a d i n g  number i n d i c a t e s  Blade-Element Performance d a t a  were 

T h r o t t l e  
v a l v e  

s e t t i n g  

18.0 
15.0 
11.0 

7.0 
4.2 
3.3 
4.9 
8.0 
9.3 

10.1 
50.0 
25.0 
18.0 
15.0 
11.0 

7.0 
4.2 

50.0 
15.0 
12.3 
11.0 

9.0 
7.5 
5.8 

11.0 
11 .7  
12.3 
13.0 
25.0 
50.0 
25.0 
18.0 
15.0 
11.0 

7.0 
4.2 

50.0 
15.0 
12.3 
11.0 

9.0 
7.5 
5.8 

25.0 

O p e r a t i n g  
mode 

S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
Stall f r e e  
S t a l l  f r e e  

S t a l l e d  
S t a l l e d  
S t a l l e d  
S t a l l e d  
S t a l l e d  

S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  
S t a l l  f r e e  

**Pressure 
mea s u r  emen t 

sys tem 

Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
Abs. 
D i f f .  
Dif f .  
Dif f .  
D i f f .  
D i f f .  
D i f f .  
Di f  f .  
D i f f .  
Dif f .  
D i f f .  
D i f f .  
D i f f .  
D i f f .  
D i f f .  
D i f f .  

recorded .  
- Ins t rumen ta t ion  a r r a n g e d  t o  r e c o r d  a b s o l u t e  p r e s s u r e  a t  r o t o r  i n l e t  and e x i t .  

D i f f .  - Ins t rumen ta t ion  a r r anged  t o  r e c o r d  d i f f e r e n c e s  between r o t o r  i n l e t  and e x i t  p r e s s u r e s .  
**Abs. 
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F i g u r e  l ( a ) .  - O v e r a l l  view of Rotor  2E. 
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F i g u r e  l ( b ) .  - Close-up view of t i p  s e c t i o n .  
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F i g u r e  2. - Mer id iona l  view of r o t o r .  Probograph i n s p e c t i o n  s e c t i o n s  a r e  
i n d i c a t e d  by a s t e r i s k s .  
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\ 

COMPRESSOR A 

Edge 

Figure 3 ( a ) .  - Cyl indrica l  c u t  o f  blade a t  s e c t i o n  KK. The s o l i d  l i n e  
represents  des ign intent  and the dashed l i n e  represents  
the average of  seven measured samples. 
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Leading Edge 

COMPRESSOR 

Figure 3(b) .  - Cylindrical cut of blade at section JJ. The solid line 
represents design intent and the dashed line represents 
the average of Seven measured samples. 



Figure 3 ( c ) .  - Cyl indrica l  cu t  of blade a t  s e c t i o n  HH. The s o l i d  l i n e  
represents  des ign intent  and the dashed l i n e  represents  
the average of seven measured samples. 
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Figure 3(d). - Cylindrical cut of blade at section GG. The solid line 
represents design intent and the dashed line represents 
the average of seven measured samples. 
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Figure 3 ( e ) .  - Cyl indrica l  cut  of blade  a t  s e c t i o n  EE. The s o l i d  l i n e  
-^-I- ~ ~ p ~ a s e n t s  des ign intent  and the dasned l i n e  represents  
the average of seven measured samples. 
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Figure 3 ( f ) .  - Cyl indrica l  cu t  of blade a t  section CC.  The s o l i d  l ine  
represents  des ign  in tent  and the  dashed l i n e  represents  
the average of seven measured samples. 
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Figure 5 .  - Meridional view showing location of instrumentation. 
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Figure 6. - Development showing circumferential location of 
ins t r ume n t a t ion. 
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(a). - Inlet Pitot-static rake. (b). - Casing boundary layer rake. 
Figure 7. - Photographs of fixed instrumentation. 
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- 

5. f 

- 

02" 

I 

_. 

5.302" 

( c ) .  D i scha rge  t o t a l  t empera tu re  rake .  (d) .  Discharge  t o t a l  p r e s s u r e  r a k e .  

F i g u r e  7. - Photographs o f  f i x e d  i n s t r u m e n t a t i o n .  
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(a). - Shielded hot wire probe. 

Figure 8. - Photographs of traverse instrumentation. 

72 

(b). - Cobra probe for sensing flow angle, total pressure 
and total temverature. 

NE $NCH 

(c). - Wedge probe for sensing static pressure. 
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Immersion 

20% 

50% 

. 
70% 

(a) Sample of hot-wire anemometer traces at 90 percent design rotor speed. 

Ci rcumferential 
probe position 

33" 

111" 

243" 

(b) Sample of hot-wire anemometer traces from 10 percent immersion at 90 percent design rotor speed 

Rotor speed, Number of 
percent design stall cells 

50 3 
70 2 
90 1 

100 1 
110 1 

Stall cell speed Radial extent Throttle setting 
Rotor speed of stall cell at stall 

.68 Full span 3.30 

.64 Full span 4 90 

.61 Full span 8.00 

.66 Uncertain 9.25 

.61 Uncertain 10. 10 

(c) Tabulation of stall data 

Figure 10. - Sample hot-wire traces and tabulation of stall data. 
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Mm Meridional Mach number , 

Figure  11. - Rela t ionship  between flow funct ion  and meridional  Mach number - 
used f o r  t r a n s f e r r i n g  t r ave r se  measurements t o  blade edges. 
Dashed l i n e s  with arrows and i n s e t  formulas i n d i c a t e  c a l c u l a t i o n  
sequence f o r  sample case  a t  l ead ing  edge. 
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Figure 12(c). - Blade element data measured at 5096 immersion from tip. 
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Figure l a e l .  - Blade element data measured at 90% immersion from tip. 
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